There is evidence that crop yields are showing a trend of stagnation in many countries. This review aims to make an inventory of the last decade's crop productions and the associated economic and environmental challenges. Manipulating nitrogen use efficiency in crops appears to be the best way to conciliate global food security, respecting environmental policies, and the need to produce biofuels. In such a context, the specifications of ideal plants for the future are discussed with regards to human needs and taking into account current physiological and genetic knowledge. The approaches undertaken so far to design an ideal crop and to find suitable new germplasms are discussed. The interest in using model plants in agronomic research is illustrated through the recent data provided by studies exploring natural variation in Arabidopsis thaliana. Efficient Arabidopsis ideotypes are proposed and discussed.
Yield trend during the last decades
Thanks to the 'green revolution', yields of the major food crops showed a steady growth trend worldwide during the second half of the 20th century (Fig. 1A) . For example, the average corn yield expected by a farmer from Iowa, a 'corn belt' state, was ;2.8 t ha À1 in 1974 and 4.6 t ha À1 in 2011 (Duffy, 2011) . Wheat and rice yields have followed the same trend. US farmers harvested an average of 31 q ha À1 of wheat in 2010/2011 compared with 1.92 t ha À1 in 1975 and, in the 1970s, the growth rate of Asian rice yield was ;1.88% per year, and it increased to 2.86% in the 1980s (Nguyen, 2004) . From <3.5 t ha À1 in 1980, the Indonesian rice yield increased to 4.5 t ha À1 in 2011. As a result, the improvement in global cereal production was able to meet the demand of the growing population during the 30 years from 1970 to 2000.
At the same time, farmers had to face an increase in their production costs essentially due to the price of seeds, chemicals, and fertilizers (Fig. 1B) . In 1974, a farmer from Iowa had to spend US$40 ha À1 , equally divided between machinery costs for growing and harvesting on the one hand, and for seeds, chemicals, and fertilizer costs on the other hand (Duffy, 2011) . Today, these expenses represent a total of US$187, and costs for seeds, chemicals, and fertilizers have been multiplied by >6-fold. This new configuration generates problems for crop production. For instance, since the reform of the European Common Agricultural Policy in 1992, the prices of French crops (wheat, corn, and rapeseed) have not been sufficient to cover the costs of production each year. In 2004, the prices covered only 70, 73, and 88% of the costs of wheat, corn, and rapeseed production, respectively (Desbois and Legris, 2007) , leading French farmers to rely on public subsidies.
Because of the augmentation of production costs, farmers need to optimize their crop yields. It is also a necessity to be able to manage to feed the world in 2050. According to the Food and Agriculture Organization (FAO) of the United Nations, world food production needs to become 70% higher to face the new demand linked to the expected population growth (Wiebe, 2009) . This big challenge is ever more difficult because, at the same time, the need for production of crops for use as biofuels continues to grow. In the USA, 330 thousand tonnes of corn had been produced in 2009/ 2010, of which 114 thousand were dedicated to ethanol and by-products (Vocke and Lierfert, 2011) . This consumption increased to 127 thousand tonnes in 2011 for a production of corn estimated to be 315 thousand tonnes. These figures highlight the importance of this new demand, which was nearly non-existent at the beginning of the 21st century, and the strong competition between food and biofuel production for land use. Recently, Murphy et al. (2011) predicted that to replace 20-30% of fuel demand by biofuels in 2050, an additional 100-650 Mha of land will be needed, depending Duffy, 2011) . Since 1974, the increase in expected yield was accompanied by an increase in production costs. While the costs for land, labour, and machinery for growing and harvesting have increased by 3-fold between 1974 and 2011, those for seed, chemicals, and fertilizer have increased by >6-fold during the same period.
on the scenarios of transport energy demands. The authors noted that 100 Mha represent ;7% of current global arable cropland and 650 Mha represent ;45%.
Some flexibility exists to satisfy the food and biofuel demands. Marshall et al. (2011) considered that increasing crop yields per acre will allow the use of less land to grow the same amount of that crop. More intensive management by farmers is, however, difficult due to their respecting strict environmental rules all over the world. For example, the French administration decided in 2010 to enlarge the protected area where nitrogen (N) fertilizers have to be reduced, to protect water from nitrate leaching and to comply with the European Common Agricultural Policy. On the other hand, despite the increasing yield due to genetic progress during 30 years, the improvement in crop yield has not been so evident for the last two decades. Some major food cereals, such as rice in Asia, and barley and wheat in Europe indeed show a steady decline in the growth trend of yields, since a turning point, estimated to be about around the middle of the 1990s, in Europe (Finger, 2010; Brisson et al., 2011) . To identify the cause of this recent yield trend, Brisson et al. (2011) analysed several large sources of data related to wheat yield in France, and investigated whether the causes of change might be breeding, agronomy, or climate. The slight decrease in N fertilizers from 2000 and the simplification of rotation explained only a small part of the yield reduction. While the benefit due to genetic progress has not declined, it was counteracted by climate change, such as the occurrence of more frequent and more intense episodes of dry weather. Brisson et al. (2011) provide evidence that French wheat had to face higher temperatures and a diminution of water reserves since 1996. It thus seems very important to improve nitrogen use efficiency (NUE) in crops, taking into account global climate changes.
Building ideal plants adapted to less nitrate availability
Improving global plant productivity and product quality together in such an economic context drives us to imagine what would be the ideal plant. An ideal plant can efficiently remove nutrients supplied from the soil, and associate this with a good uptake capacity, and a good performance in assimilating, recycling, and remobilizing organic N to support whole plant growth and yield using as few N fertilizers as possible (Fig. 2) .
Beside such a generic description, additional specifications depend on each crop and on the nature of plant products. For example, the quality specifications for barley and wheat grains are not the same. While the baking industry needs wheat grains with high protein content, barley grains dedicated to brewing should, conversely, contain a low amount of proteins. In addition, wheat grain quality also depends on the nature of its proteins (gliadin and glutenin), which is also controlled by N availability (Triboï et al., 2003; Shewry, 2009) . For both species, N remobilization to their spikes is a critical point for grain productivity and yield. However, N content in seeds, which is also mainly controlled by N remobilization, needs to be improved in wheat and to be restricted in barley. Thus, if possible, the contribution of N remobilization for grain production and for grain filling has to be adapted to crop specification. In most cases, the specifications of crops when dedicated to grain production or to vegetative biomass for biofuel or silage differ, and studying their N management at the whole plant level is then required. When maize or Miscanthus are grown for biofuel, the main goal is to produce large biomass with as little N input as possible. For Brassica napus, a high harvest index (HI) and high oil yield are demanded. Thus, despite the fact that good N remobilization performances are desirable to increase seed yield in oilseed rape, it is well known that the increase in N concentration in seeds is antagonistic to oil yield (Zhao et al., 2006) . Trait improvement is thus very specific to each crop species. For that reason, improving each crop individually requires global knowledge of the different mechanisms that control all the steps involved in N management in plants, and also a good knowledge of the Gallais et al. (2006) showed that assimilation, recycling, and remobilization occur in the same leaf simultaneously, although with different activity levels depending on a rheostat controlled by the leaf tissue senescence level. In young leaf tissue, primary assimilation of inorganic N is higher while, in old leaf tissues, proteolysis and remobilization are enhanced. In addition, nitrate uptake fluctuates with plant ageing, decreasing in many plant species after anthesis (Masclaux-Daubresse et al., 2010) .
specificities of each plant species in terms of carbon and N metabolism.
N uptake performance depends on the nutrient sources present in the soil which can be nitrate, ammonium, or amino acids (von Wirén et al., 2000; Näsholm and Persson, 2001; Ludewig et al., 2007) . Nitrate and ammonium uptake has been intensively investigated in Arabidopsis thaliana, and transporter families have been recently reviewed in several reports (reviewed in Williams and Miller, 2001; Tsay et al., 2007) .
Depending on the plant species, nitrate reduction can take place in the roots or the shoot. The reduction of nitrate to nitrite is catalysed in the cytosol by the NADHdependent nitrate reductase (NR). Afterwards reduction of nitrite to ammonium is catalysed in the chloroplast by the ferredoxin-dependent nitrite reductase (NiR). Ammonia produced from nitrate reduction, from amino acid catabolism, or from photorespiration is then assimilated by the ATP-dependent glutamine synthetase (GS) that catalyses the condensation of ammonium and glutamate. In turn, glutamate-oxoglutarate amino transferase (GOGAT) recycles glutamate using 2-oxoglutarate molecules provided by isocitrate dehydrogenase activity. GS activity is catalysed by both chloroplastic (GS2) and cytosolic (GS1) isoforms that are encoded by a single gene and multigenic gene family, respectively. The GS2 isoform is believed to be mainly involved in the re-assimilation of the ammonium released from photorespiration. The distribution and the relative activities of the GS1 isoenzymes in particular organs or tissues and their differential expression during the plant life cycle suggest that their fine tuning is of importance in the management of N resources at the whole plant level. In particular, the age-dependent induction of several GS1 genes in the leaves of many plant species suggests that they are more probably involved in the reassimilation and the remobilization of the organic N recycled from proteolysis (Masclaux et al., 2000) . However, evidence has been provided recently that some GS1 isoforms, such as Arabidopsis GLN1;2, are essential for N assimilation at the vegetative stage and under high nitrate supply (Lothier et al., 2011) . A similar role was described for the rice GS1;1 isoform that improved NUE in the presence of ammonium (Kusano et al., 2011) . Albeit that the GS/GOGAT pathway is the major route for incorporating reduced N into organic molecules, other enzymes such as the asparagine synthetase isoenzymes (AS) certainly play a role in ammonia assimilation and recycling under certain circumstances .
Engineering the ideal plant by manipulating key genes
Since the use of N in plants involves several steps including uptake, assimilation, translocation, and, when the plant is ageing, recycling and remobilization, many attempts have been made to manipulate the critical candidate genes designated above, and there are a large number of good reviews on this topic (Britto and Kronzucker, 2004; Good et al., 2004; Brauer and Shelp, 2010; Masclaux-Daubresse et al., 2010) .
Nitrate and ammonia uptake control the ability of plants to access inorganic N from the soil. When the old dream of bioengineering plants that directly perform N fixation using bacterial nitrogenase activities was abandoned (Britto and Kronzucker, 2004) , attempts focused on N transporter families. The main problem arising from manipulating N transporters in plants is the multiplicity of transporters for a given ion, the existence of many unknown feedback pathways regulating influx and efflux, and, more globally, the complexity of the control of inorganic N homeostasis in plants. As a result, poor correlations were observed between the mRNA level for a transporter and the transport activity itself (Rawat et al., 1999; Kaiser et al., 2002) . Enzymes suspected to be the main factors limiting N metabolism were also manipulated. Varying NR expression resulted in little or no change in plant growth, while alteration of GS activity resulted in substantial growth changes (Masclaux-Daubresse et al., 2010; Brauer et al., 2011) . Assays to overexpress GOGAT were rare, probably due to the large size of the GOGAT mRNA. Chichkova et al. (2001) reported, however, that enhanced NADH-GOGAT in tobacco increased shoot dry matter and N content. While in plants the GS/GOGAT pathway is mainly responsible for the assimilation of ammonia, in bacteria and fungi NAD(P)H-dependent glutamate dehydrogenase (GDH) also plays an important role. Abiko et al. (2010) reported recently that transgenic lines overexpressing the Aspegillus niger NAD(P)H-GDH showed an increase in dry weight (DW) and N content, but only under sufficient inorganic N supply.
NUE is not only dependent on N metabolism, and manipulating carbon metabolism proved useful in some cases in enhancing NUE. Phosphoenol pyruvate carboxylase (PEPcase) and pyruvate orthophosphate dikinase (PPDK) that play a cardinal role in C 4 plant metabolism also exist in C 3 plants, where they are enhanced during dark-induced senescence. Overexpression of the PEPcase and PPDK genes from maize in rice resulted in an impressive increase in yield (Jiao et al., 2002) . More recently, using 13 C tracing, Taylor et al. (2010) showed that PPDK is involved in a pathway that generates glutamine, a key metabolite for N remobilization. By overexpressing PPDK in senescing Arabidopsis and tobacco leaf tissues, using the senescence-associated SAG12 promoter, the authors increased plant biomass, individual seed weight, and N concentration in seeds. The results suggested that N remobilization to the seeds was indeed improved in these transgenic lines (Taylor et al., 2010) .
Seeds are the major sink for N remobilization, and seed filling depends on the delivery of amino acids from phloem saps. The concentration of amino acids in phloem saps depends on phloem loading rates, which, for apoplasmic phloem loaders, depends on the activities of amino acid transporters located in the sieve element-companion cell complexes (Tilsner et al., 2005) . Members of the amino acid permease (AAP) family are good candidates to be involved in the phloem loading process. Recently, L.Z. provided good evidence that the AAP2 permease that localizes to the phloem throughout the plant plays a role in the source-sink translocation of amino acids. AAP2 T-DNA insertion mutants indeed showed a decrease in their seed N content paralleled by an increase in fatty acid levels. The modification of N allocation in the aap2 mutants was then paralleled by changes in carbon allocation and by an increase in branch and silique numbers (L.Z. . The effects of PPDK overexpression and AAP2 mutation thus emphasize the complex interactions between carbon and nitrogen metabolism and linked effects of carbon and N partitioning at the whole plant level: modifying carbon allocation can modify N allocation, and vice versa (Britto and Kronzucker, 2004) .
Mapping key genes for NUE using a QTL approach NUE is a complex trait controlled by multiple genes. Quantitative trait locus (QTL) analysis based on highdensity molecular linkage maps makes it possible to understand the genetic basis underlying such a complex trait (Ikram and Chardon, 2010) . Since the last decade, several studies have used natural variation in plant species, including maize, rice, barley, wheat, and Arabidopsis (see Table 1 ). Initially, NUE was considered simply by the difference in plant growth and seed yield, then by measuring a few enzyme activities or N content variation between low N stress and normal N conditions (Agrama et al., 1999; Bertin et al., 2000; Hirel et al., 2001; Ishimaru et al., 2001; Obara et al., 2001; Loudet et al., 2003; Charmet et al., 2005; Lian et al., 2005; Habash et al., 2007) . In major cereal crops, the measurement of enzyme activities rapidly revealed co-localizations between a QTL for GS activity and a QTL for yield, suggesting the critical importance of GS activity for grain N content and yield. In maize, where coincidences of QTLs for GS activity and grain yield were found (Gallais and Hirel, 2004; Hirel et al., 2007) , Martin et al. (2006) demonstrated the fundamental roles of two cytosolic GS1 isoforms in the kernel grain number and the kernel size. Similarly, coincidences of QTLs for GS1 activity and for panicle weight were confirmed by using chromosome-substituted lines in rice (Obara et al., 2004) . The severe phenotype of the knock-out OsGS1;1 mutant confirmed that GS1 is a key enzyme for normal growth and grain filling in rice (Tabuchi et al., 2005) . Finally, Habash et al. (2007) distinguished two kinds of QTL coincidence for GS activity in wheat, one located at the GS2 locus, where they also detected a QTL for protein content in the leaf, and one located at a GS1 locus that also mapped with a QTL for N content in grain. While there is evidence supporting that both GS1 and GS2 enzymes are essential for NUE in many plant species, it is noticeable that all these studies also report QTLs for GS activity that do not map at any GS gene locus, revealing the occurrence of important, as yet unknown, factors involved in the trans-regulation of GS activity. Further QTL studies improved their analyses by reconsidering the NUE concept as the combination of two main components. The first is the efficiency of the plant in recovery of N from the soil, namely N uptake efficiency (NupE). The second is the efficiency of the plant in the utilization of N to produce grain yield (Brauer and Shelp, 2010) . In wheat, An et al. (2006) mapped QTLs for NupE by estimating the total N accumulated in the aboveground parts (straw plus grain). In barley, Mickelson et al. (2003) mapped QTLs for N remobilization using the N balance method that requires monitoring the difference in flag leaf N content between anthesis and maturity. Two distinct N fluxes can be considered during the grain filling period: N remobilization from the leaves and N uptake in roots. In maize, Coque et al. (2008) used 15 N labelling to evaluate the proportion of N remobilized from stoves to kernels and the proportion of N absorbed post-silking and allocated to the grain. Studying coincidences among QTLs for N remobilization and for N uptake post-silking, the authors revealed an antagonism between these two processes. Moreover, Gallais et al. (2006) using a model of post-silking N fluxes demonstrated that a large proportion of N grain filling comes directly from post-silking N uptake in maize.
More recent outcomes are provided by the development of high throughput analyses of several enzyme activities. N. used a robotized platform to measure the activities of 10 enzymes from carbon and N metabolism in a recombinant inbred line (RIL) population of maize. Of the 88 QTLs mapped, three QTLs for maize seedling biomass overlapped with QTLs for GS, NR, and ADPglucose pyrophosphorylase activities, supporting an association between biomass and enzymes involved in nitrate reduction, glutamine synthesis, and starch biosynthesis, as previously reported by Hirel et al. (2001) . The strong positive correlations found between all those enzyme activities indicate that carbon and N enzymes are coregulated, supporting the idea that NUE and carbon metabolism are together coordinated by an intricate regulatory machinery (Nunes-Nesi et al., 2010). Interestingly, only three QTLs influencing NR, GDH, and shikimate dehydrogenase activities were mapped close to their encoding loci, revealing the general importance of trans-regulations compared with cis-regulations.
The latest studies on NUE that multiply trait measurements in the same experiment resulted in the detection of a large number of QTLs. For example, in wheat, Habash et al. (2007) Faced with the increasing numbers of QTL experiments for NUE in crops species, scientists investigated new methods facilitating the identification of key regions that have a role in yield, N uptake, and N remobilization. To produce an overview of the chromosome areas involved in the trait variation, a meta-analysis of the QTL approach was proposed to synthesize all the individual QTL experiments that have been carried out in different populations and using different maps. After projecting QTLs on the consensus map, the meta-analysis resulted in a number of consensus chromosome regions (called meta-QTLs) involved in trait variation with increased accuracy compared with the position estimated for individual QTLs (Goffinet and Gerber, 2000; Veyrieras et al., 2007) . First used by Chardon et al. (2004) to study QTLs related to flowering time in maize, the meta-analysis approach is now widely performed. The latest studies concern QTLs for yield in rapeseed (Shi et al., 2009) , oil content in soybean (Qi et al., 2011) , and yield compounds in maize (Li et al., 2011) . Recently, Quraishi et al. (2011) reported the first integration of the known QTLs for NUE and provided an overall view of the major NUE meta-QTLs in bread wheat. In this study, a new development of the meta-analysis approach was performed by using cross-genome comparison and synteny-based physical mapping. On wheat chromosome 3B, the authors mapped meta-QTLs for NUE and, by comparison with the literature, identified QTLs for NUE in three others cereal genomes: maize, rice, and sorghum. Using consensus markers across the four genomes, they mapped an ortho-meta-QTL, increased the accuracy of QTL detection, and identified an NADH-GOGAT gene as the most likely candidate gene driving NUE in bread wheat. Finally, they proposed a scenario of the evolution of NUE driven by the GOGAT gene from an ancestral protochromosomal locus through different sequence shuffling events (Quraishi et al., 2011) .
In the future, developments in molecular marker technology and the recording of hundreds of natural populations in crops will also facilitate association mapping by offering new opportunities to discover loci statistically correlated with traits related to NUE. The association mapping method investigates association between genetic markers and phenotypes in unrelated individuals by exploiting historical recombination events and genetic diversity (Ikram and Chardon, 2010) . Recent studies monitored complex traits such as metabolite variation in Brassica rapa (Pino Del Carpio et al., 2011) , quality traits in wheat (Reif et al., 2010) , and leaf architecture in maize (Tian et al., 2011) using this method. The complete genome sequencing of many crop species greatly encourages the use of genomewide association mapping for breeding and for fundamental science.
Using model plants to investigate biomass and NUE traits
The main plant models for dicots and monocots are A. thaliana and Brachypodium distachyon. Both are wild species that have never been selected for any agricultural goals so far. They show a high degree of plasticity in their development and metabolism due to the pressure of natural selection for adaptation to original edaphic and climatic environments. The large numbers of their accessions constitute useful genetic and phenotypic resources (McKhann et al., 2004; Filiz et al., 2009) . Recent papers presented evidence that natural variation exists for N uptake and N remobilization in Arabidopsis (North et al., 2009; Chardon et al., 2010; Ikram et al., 2011; Masclaux-Daubresse and Chardon, 2011) . For Brachypodium which was introduced in laboratories more recently, nothing have been reported so far about NUE.
Recent investigations on the natural variation in N uptake and N remobilization in Arabidopsis were performed using core collections of 18-19 accessions, and studies on biomass and NUE were performed at the vegetative and reproductive stages. Plants were grown under limiting and ample (5-fold more) nitrate nutritive conditions in order to compare their individual adaptation to chronic nitrate limitation. The collected data allowed traits related to NupE, to NUE for vegetative biomass and grain yield production, and to N remobilization to be quantified. Considering that productivity for vegetative plants is the ability to produce high biomass with as little N as possible, NUE was estimated at the vegetative stage by calculating the ratio between the plant DW and N concentration in dry matter (N%). In their recent review, Brauer and Shelp (2010) 
present this ratio as the usage index (UI). Because
Arabidopsis accessions showed large variations in plant growth, morphology, and development, plant performance for grain production was considered by monitoring the grain mass (DW SEEDS ) and the HI (HI¼DW SEEDS / DW WholePlant ). To estimate NUE for grain production, the HI was combined with the nitrogen harvest index [NHI¼(N content in seeds)/(N content in the whole plant)] indicator. At the reproductive stage, NUE was then estimated by considering the NHI/HI ratio.
As already mentioned, N sources for seed filling are nitrate uptake and organic N remobilization from source leaves. Using 15 N isotope tracing, N remobilization was quantified by estimating the partitioning of 15 N in seeds at harvest using a pulse-chase experiment. This 15 N partitioning in seeds was called the 15 NHI by reference to NHI. Again, and because in this case Arabidopsis accessions showed large biomass and HI variations, the relative N remobilization efficiency was estimated considering the 15 NHI/HI ratio that is another expression of the relative 15 N enrichment in seeds as a percentage of the whole plant enrichment (RSA ratio) according to Gallais et al. (2006) . From the NHI and 15 NHI, the RSA ratio (¼ 15 NHI/NHI) was then calculated in order to estimate the amounts of N in seeds and dry remains provided by nitrate uptake during grain filling on the one hand, and by N remobilization from the rosette on the other hand.
Globally, despite the fact that these studies revealed a large variation between accessions for all the traits mentioned above, common clues were found and a global Arabidopsis behaviour was described at low and high nitrate supplies (Fig. 3) . The main change due to nitrate restriction was a large decrease of plant biomass. Nevertheless, the HI was globally unchanged between low and high conditions. The fact that N nutrition does not impact on HI was consistent with the findings of Barraclough et al. (2010) in wheat. However, it was observed that under low nitrate supply, Arabidopsis produced fewer but heavier seeds. The performances of Arabidopsis accessions in terms of NUE (NHI/HI) and N remobilization efficiency ( 15 NHI/HI) were also significantly higher at low nitrate supply than at high nitrate supply. Therefore, whereas the N concentration in the dry remains of plants grown under high nitrate supply was four times more than under low nitrate, the N concentration in seeds was much less modified and only 1.3 times more at high than at low nitrate supply (Fig. 3) . The RSA ratio data provided good evidence that under low nitrate supply, the N provided by root uptake at the reproductive stage was mainly allocated to the seeds, whereas under high nitrate supply it was preferentially allocated to the vegetative tissues (Fig. 3) . Taken together, the results suggest that under chronic nitrate restriction, plants adapted by enhancing N remobilization from rosette leaves and by rerouting to the seeds the N provided postflowering by uptake. This can explain how the HI was maintained and how the N content in seeds was less affected by nitrate restriction than N content in vegetative tissues.
Ideotypes for yield and seed quality in Arabidopsis
Based on the global Arabidopsis behaviour scheme described above, variations between accessions were explored to discover ideotypes that can fit with some of the individual crop specifications. In Fig. 4 , yield and grain quality were mainly translated into N content since it is known that the N concentration is antagonistic to the oil concentration in oilseed rape and Arabidopsis and to starch content in maize. Four ideotype groups were then defined corresponding to specification scenarios adapted to the main crops presented previously. For all the crops dedicated to grain production (ideotypes 1 and 2), plants presenting high grain mass (DW SEEDS ) and high HI values (DW SEEDS / DW WholePlant ) were demanded. For ideotype 1, such as wheat and rice, a high protein concentration in grains (N% SEEDS ) is a specification that determines nutritive and economic values. In addition, ideotype 1 plants are preferred with low N concentration in their dry remains at harvest (high NHI). In contrast, for ideotype 2, such as barley, oilseed rape, and corn, grains are preferred with a low protein concentration. For ideotype 3, such as the silage maize cultivars used to feed cattle, plants with large biomass at the vegetative stage (DW VEG ) and a high N concentration in vegetative tissues (N% VEG ) are required. The specifications for the plant species dedicated to biofuel (ideotype 4) are more complex to define because they depend on the nature of the biofuel produced (biogas, ethanol, or oil) . A common trait suitable for biofuel is, however, high biomass yield with low effort for cultivation, and low cost for feedstock production; that is, low N content. Here the data presented in MasclauxDaubresse and Chardon (2011) and Chardon et al. (2010) are revisited to identify Arabidopsis accessions corresponding to these four ideotypes (Fig. 4) . On the basis of the physiological performance of accessions for N uptake and N remobilization, the agronomic performance required to fit with crop specifications for each accession was estimated. Two rank classifications were performed, one using data obtained under low nitrate supply, the other with data at high nitrate supply (Supplementary Table S1 , available at JXB online). For each ideotype, the top three best performing accessions are presented in Fig. 4 . It can first be observed that the selected accessions at high and at low nitrate supplies are not the same, allowing high N and low N requirement types to be distinguished. Five accessions (Akita, Edi-0, Ge-0, N13, and Sakata) are not represented in any of the high N and low N ideotypes. Interestingly, the Tsu-0 accession is at the top position in all the four ideotype classes at high N but is not present in any at low N. The fact that Tsu-0 has higher biomass and is higher yielding than other accessions at high nitrate supply only indicates that this line is highly responsive to nitrate supply. Studying the metabolic response to nitrate in Tsu-0 thus appears promising. The Mt-0 accession differs from Tsu-0 since this accession does not appear to be sensitive to nitrate supply. Mt-0 is one of the most efficient for seed production no matter what the N supply. With its higher yield, this line is representative of the two ideotypes dedicated to grain production without any nitrate supply requirement. This line indeed showed the highest HI and DW SEEDS values measured under high and low N supplies . In contrast, the Bur-0 accession appears to fit with ideotypes dedicated to biomass production, especially at low nitrate input. While the DW of Bur-0 rosettes and dry remains was one of the highest at high N and low N, this accession was characterized by the low number of large size seeds it produced Masclaux-Daubresse and Chardon (2011) . The N concentration in seeds (N% SEEDS ) is poorly modified by nutrition compared with the N concentration in dry remains (N% DR ) that is greatly enhanced (4-fold) when a high nitrate supply is provided. In high nitrate, biomass and yield are 3-fold higher than in low nitrate. Individual seed DW is similar with a low or high nitrate supply. HI is poorly modified by nitrate availability, in contrast to 15 NHI and NHI. Masclaux-Daubresse and Chardon, 2011) . The accessions Oy-0 and Col-0 that are representative of ideotypes with low N% in seeds and dry remains are found at high nitrate and low nitrate supplies, respectively. Whereas Oy-0 is highly responsive to nitrate supply and is a high N-requiring plant, Col-0 is rather a low N requirement type that attains its maximum performance at low N supply. Finally, the accession Ct-1 shows a good performance for ideotypes 1 and 2, with high yield at low N supply. The classifications presented do not take into account the way in which plants manage their N resources for yield or biomass production. However, regarding the results and the literature, some functional assumptions on N management in the different ideotypes are proposed here. For example, with its high biomass and its high seed production at high N, the accession Tsu-0 presented a low plasticity to N availability that might be explained by its low nitrate uptake efficiency in a previous study . Cross et al. (2006) showed that Mt-0 stored relatively high levels of N metabolites but with low levels of carbon metabolites. That feature suggests that this accession is able to store N sources, allowing it to produce biomass and yield whatever the N availability. Bur-0 is a high performing plant for biomass in high N supply but its yield is very low. It might have a problem of fertility or of low N remobilization. In their study, Cross et al. (2006) showed that Bur-0 is rich in carbon metabolites but poor in N content, supporting the second assumption. Finally, Col-0 is an accession well known to be relatively small, with low carbon and N metabolites. It also responded weakly to N stress, probably because it is not adapted to ample N conditions (Cross et al., 2006; North et al., 2009; Ikram et al., 2011) . Indeed, in a recent study, Ikram et al. (2011) compared the relative nitrate content in shoot and roots in several accessions. This report showed that Col-0 stores nitrate in roots and it presents lower nitrate content in the shoot than the other accessions, suggesting that Col-0 has a problem in N translocation from roots to shoot. This could explain why this line shows low growth even if N availability is high.
Conclusion
With regards to previous studies and to the present report, it is obvious that the identification of ideotypes in the Arabidopsis natural population on the bases of N management at the whole plant level can greatly improve research on plant physiology. Similarly to Arabidopsis halleri that was preferred to A. thaliana to study adaptation to cadmium and zinc overabundance in the past, it appears from the present data that studying Arabidopsis response to , and the N concentration in seeds (N% SEEDS ) and the whole plant at the vegetative stage (N% VEG ) and at seed maturity [N% (SEEDS+DR) ]. Ideotype 1 represents crops such as rice and wheat that require high grain mass, large HI and NHI, and high protein content in grain. Ideotype 2 represents high yielding crops such as corn, rapeseed, and barley, for which low N in seeds is required because it is antagonistic to starch or oil accumulation. Ideotype 3 is silage crops such as maize, for which a high vegetative biomass with a high content of proteins is demanded. Ideotype 4 represents plants that might be used for biofuel production with high total biomass at harvest and low N needs. Arabidopsis accessions matching each ideotype at low or high nitrate supplies are presented.
N will be more powerful using accessions other than Col-0, such as Tsu-0 for example. To overcome the limitation due to the use of the Col-0 accession as the universal model for all the biological questions in Arabidopsis, the INRA resource centre in Versailles has provided for several years now a collection of T-DNA insertion mutants in the WS background (http://dbsgap.versailles.inra.fr/vnat/). Since there is no hope that mutants will be available in many more genetic backgrounds other than Col-0 and WS, the alternatives provided by quantitative genetic approaches and adapted to the study of the molecular diversity of the Arabidopsis genome through linkage disequilibrium-associated polymorphism for example, are very attractive. In addition, the recent advances in meta-QTL analysis are promising and encourage the speculation that ortho-metaanalysis using QTL mapping performed on Arabidopsis populations can serve to improve related crop species such as Brassica napus.
Albeit that this review mainly focuses on the effect of nitrate availability and assimilation on plant yield and product quality, it has to be noted that other N sources are available and can also influence NUE in some plant species or under some environmental conditions. Indeed, whereas nitrate is the main fertilizer used by modern agriculture, plants are able to metabolize urea, ammonia, and amino acids provided by composts or manure. Moreover, the analysis of product quality also focuses on N effects. In conclusion, it should be noted that product quality is a much more complex and multifactoriel trait than has been presented here. Even though NUE has a central role in product quality, recent reviews nicely illustrate that specifications of commercial products are multifaceted traits that for some also have to cope with consumer demands, which, depending on cuisine and culture, can take into account the quality of appearance (shape, translucence, colour), the cooking and sensory properties, and also many other nutritive values that are not dependent on N, such as iron, selenium, and zinc contents, the compositions of essential amino acids, very long chain fatty acids, or vitamins (Zhu et al., 2007; Fitzgerald et al., 2009) .
Supplementary data
Supplementary data are available at JXB online. Table S1 . Rank classifications performed on data obtained under low and high nitrate supplies.
